. In this method, simultaneous cutting of a circular donor plasmid and a 85 genomic target-site by a nuclease results in integration of linearized insert DNA into the 86 genomic cut site by non-homologous end joining (NHEJ). Such donor plasmids are 87
"universal" because they lack gene-specific homology arms, allowing insert sequences 88 (e.g. GFP) to be targeted to any genomic location. Despite this advantage, homology-89 independent insertion is less precise than HDR. For example, donor DNA can insert in 90 two directions, insertion and deletion mutations (indels) at the integration site can affect 91 the insert translation frame, the entire plasmid can integrate, and inserts can form 92 concatemers. Nevertheless, for some targeting strategies such as C-terminal protein 93 tagging or gene disruption, homology-independent insertion is a fast, simple, and 94 effective alternative to HDR. While homology-independent insertion has been 95 successfully applied in human cell lines (CRISTEA et al. 2013 Here, we use the CRISPaint strategy to show that homology-independent 101 insertion functions effectively in Drosophila. First, we inserted an mNeonGreen 102 (amplified from Addgene #62057), Gal4DBD, (amplified from Addgene #26233), and 154 p65 (amplified from Addgene #26234 (known as PT5/Cas9) (VISWANATHA et al. 2018 ) were cultured at 25˚C using Schneider's 175 media (21720-024, ThermoFisher) with 10% FBS (A3912, Sigma) and 50 U/ml penicillin 176 strep (15070-063, ThermoFisher). S2R+ cells were transfected using Effectene 177 (301427, Qiagen) following the manufacturer's instructions. Plasmid mixes were 178 composed of sgRNA-expressing plasmids (see above) and pCRISPaint-mNeon-PuroR 179 (SCHMID-BURGK et al. 2016). Cells were transfected with plasmid mixes in 6-well dishes 180 at 1.8x10 6 cells/ml, split at a dilution of 1:6 after 3-4 days, and incubated with 2 µg/ml 181 Puromycin (540411 Calbiochem). Every 3-5 days, the media was replaced with fresh 182
Puromycin until the cultures became confluent (~12-16 days). For single-cell cloning 183 experiments, cultures were split 1:3 two days before sorting. Cells were resuspended in 184 fresh media, triturated to break up cell clumps, and pipetted into a cell straining FACS sequence into the exon specification window and setting the window size to 10 bases.
293
Quantification of insertion types (seamless, in-frame indel, and frameshift indel) was 294 taken from the allele plot and frameshift analysis outputs of CRISPresso2. The small 295 proportion of "unmodified" reads that were not called by frameshift analysis were not 296 included in the quantification.
297
T7 endonuclease assays (M0302L, NEB) were performed following the 298 manufacturer instructions.
299
Splinkerette sequencing was performed as previously described (POTTER AND 300 LUO 2010). Briefly, genomic DNA was isolated by single fly squishing (described above) 301 and digested using enzyme BstYI (R0523S, NEB) at 60˚C overnight and heat 302 inactivated for 20min at 80˚C. Digested DNA was ligated with annealed splinkerette 303 oligonucleotides overnight at 16˚C. PCR annealing temperatures were 60˚C (round 1) 304 and 64˚C (round 2). Round 2 PCR products were either run on an agarose gel and gel 305 fragments purified using QIAquick Gel Extraction Kit (28704, Qiagen), or purified using 306
ExoSAP-IT PCR clean up reagent (78200.200.UL, Applied Biosystems). Oligo 307 sequences used for splinkerette sequencing are listed in Supplemental The CRISPaint system works by introducing three components into Cas9-338 expressing cells: 1) a single guide RNA (sgRNA) targeting a genomic locus; 2) a donor 339 plasmid containing an insert sequence; and 3) a frame selector sgRNA targeting the 340 donor plasmid ( Figure 1A ). This causes cleavage of both the genomic locus and the 341 donor plasmid, leading to the integration of the entire linearized donor plasmid into the 342 genomic cut site by non-homologous end joining (NHEJ). This insertion site destroys 343 both sgRNA target sites and will no longer be cut. Figure 1A ). In addition, we generated plasmids expressing sgRNAs that target 357 the 3' coding sequence of Drosophila genes. We chose to target Actin5c, His2Av, 358 alphaTub84B, and Lamin because these genes are expressed in S2R+ coding sequence should result in translation of mNeonGreen-T2A-PuroR ( Figure 1A ).
366
We transfected Cas9-expressing S2R+ cells (VISWANATHA et al. 2018 ) with a mix 367 of three plasmids: pCRISPaint-mNeonGreen-T2A-PuroR donor, target-gene sgRNA, 368
and the appropriate frame-selector sgRNA ( Figure 1A , Supplemental Table 1 ). As an 369 initial method to detect knock-in events, we used PCR to amplify the predicted insertion 370 sites from transfected cells. Using primers that are specific to the target gene and 371 mNeonGreen sequence, we successfully amplified sense-orientation gene-372 mNeonGreen DNA fragments for all four genes ( Figure 1B ). Furthermore, next-373 generation sequencing of these amplified fragments revealed that 34-50% of sense-374 orientation insertions are in frame with the target gene ( Figure 1B , Supplemental Figure  375 1, Supplemental Table 1 ). 7-27% of sense-orientation insertions are seamless, which is 376 slightly lower than previously observed (SCHMID-BURGK et al. 2016).
377
Next, we quantified in-frame knock-in frequency by measuring mNeonGreen Table 1 ), which roughly agreed with flow cytometry cell counting.
385
Finally, mNeonGreen localized to the expected subcellular compartments, most 386 obviously observed by His2Av-mNeonGreen and Lam-mNeonGreen co-localization with 387 the nucleus, and Act5c-mNeonGreen and alphatub-mNeonGreen exclusion from the 388 nucleus ( Figure 1C ). These results suggest that a significant number of transfected 389 S2R+ cells received in-frame insertion of mNeonGreen at their C-terminus using the 390 CRISPaint homology-independent insertion method.
391
For knock-in cells to be useful in experiments, it is important to derive cultures 392 where most cells, if not all, carry the insertion. Therefore, we enriched for in-frame 393 insertion events using Puromycin selection ( Figure 1D ). After a two-week incubation of 394 transfected S2R+ cells with Puromycin, flow-cytometry and confocal analysis revealed 395 that 31.7-89.1% of cells expressed mNeonGreen and exhibited correct subcellular 396 localization ( Figure 1E , Supplemental Table 1 ). For alphaTub84B, cell counting by flow-397 cytometry greatly underestimated the number of mNeonGreen+ cells counted by 398 confocal analysis, likely because mNeonGreen expression level was so low. These 399 results demonstrate that Puromycin selection is a fast and efficient method of selecting 400
for mNeonGreen expressing knock-in cells.
401
A subset of cells in Puro-selected cultures had no mNeonGreen expression or 402 unexpected localization ( Figure 1E ). Since each culture is composed of different cells 403
with independent insertion events, we used FACs to derive single-cell cloned lines 404 expressing mNeonGreen for further characterization (Figure 2A ). At least 14 single-cell 405 cloned lines were isolated for each target gene and imaged by confocal microscopy.
406
Within a given clonal culture, each cell exhibited the same mNeonGreen localization 407 ( Figure 2B ), confirming our single-cell cloning approach and demonstrating that the 408 insertion is genetically stable over many cell divisions. Importantly, while many clones 409 exhibited the predicted mNeonGreen localization, a subset of the clonal cell lines 410 displayed an unusual localization pattern ( Figure 2B ). For example, 3/21 Act5c-411 mNeonGreen clones had localization in prominent rod structures, and 12/14 Lamin-412 mNeonGreen clones had asymmetric localization in the nuclear envelope ( Figure 2B ).
413
In addition, some clones had diffuse mNeonGreen localization in the cytoplasm and 414 nucleus ( Figure 2B ).
415
To better characterize the insertions in single cell-cloned lines, we further 416 analyzed three clones per gene (12 total), selecting different classes when possible 417 (correct localization, unusual localization, and diffuse localization) ( Figure 2C , 418
Supplemental Table 2 ). Using PCR amplification of the predicted insertion site ( Figure  419 1A, Figure 2D ) and sequencing of amplified fragments ( Figure 2E , Supplemental Table  420 2), we determined that all clones with correct or unusual mNeonGreen localization 421 contained an in-frame insertion of mNeonGreen with the target gene. In contrast, we 422 were unable to amplify DNA fragments from the expected insertion site in clones with 423 diffuse mNeonGreen localization ( Figure 2D ). Western blotting of cell lysates confirmed 424 that only clones with in-frame mNeonGreen insertion express fusion proteins that match 425 the predicted molecular weights ( Figure 2F ). All together, these results suggest that 426 clones with correct mNeonGreen localization are likely to contain an in-frame insert in 427 the correct target gene. Table 2 ). For each 433 gene, we could find indels occurring at the non-insertion sgRNA cut site. For example, 434
we could distinguish four distinct alleles in clone B11: a 3bp deletion, a 2bp deletion, a 435 1bp deletion, and a 27bp deletion. In addition, we identified an unusual mutation in 436 clone C6, where a 1482bp DNA fragment inserted at the sgRNA cut site, which 437 corresponds to a region from alphatub84D. We assume that this large insertion was 438 caused by homologous recombination, since alphatub84D and alphatub84B share 92% 439 genomic sequence identity (FlyBase, http://flybase.org/). For Act5c-mNeonGreen clones 440 A5 and A19, numerous indel sequences were found, suggesting this region has an 441 abnormal number of gene copies. We were unable to amplify a DNA fragment from 442
Lam-mNeonGreen D9, despite follow-up PCRs using primers that bind genomic 443 sequence further away from the insertion site (not shown).
445
Loss of function knock-in fly lines by homology-independent insertion in the 446 germ line 447 448
We next explored whether homology-independent insertion could function in the 449 Drosophila germ line for the purpose of generating knock-in fly strains. As opposed to 450 antibiotic selection in cultured cells, we wanted to identify transgenic flies using a visible 451 body marker that was not dependent on target gene expression. In addition, we wanted 452 to target insertions to 5' coding sequence to create loss of function alleles by premature 453 protein truncation. Finally, we wanted to test if insertion of a reporter could capture the 454 expression of the target gene. To accomplish these goals, we constructed a new 455 universal donor plasmid called pCRISPaint-T2A-Gal4-3xP3-RFP ( Figure 3A ). This 456 donor contains a frame-selector sgRNA target site upstream of T2A-Gal4, which 457 encodes a self-cleaving form of the transcription factor (DIAO AND WHITE 2012). This 458 donor plasmid also contains the transgenesis marker 3xP3-RFP, which expresses red 459 fluorescence in larval tissues and the adult eye (BERGHAMMER et al. 1999) ( Figure 3A ). 460
To test if homology-independent insertion functions in the germ line and 461 determine its approximate efficiency, we targeted 11 genes using pCRISPaint-T2A-462
Gal4-3xP3-RFP (Supplemental Table 3 ). These genes were selected based on their 463 known loss of function phenotypes, expression patterns, and availability of sgRNA 464 plasmids from the TRiP (https://fgr.hms.harvard.edu/). Plasmid mixes of donor, frame-465 selector sgRNA, and target gene sgRNA were injected into nos-Cas9 embryos, and the 466 resulting G0 progeny were crossed to yw. G1 progeny were screened for RFP 467 fluorescence in adult eyes, and each RFP+ founder fly was crossed to balancer flies to 468 establish a stable stock. Figure 3C and Supplemental Table 3 shows the integration 469 efficiency results for each gene and Supplemental Table 4 has information on 20 RFP+ 470 lines, each derived from a different G0 founder. For injections that produced RFP+ 471 animals, the frequency of G0 crosses yielding RFP+ G1 progeny ranges from 5-21% 472 ( Figure 3C , Supplemental Table 3 ). For example, when targeting ebony with sgRNA 473 pFP545, 3 out of 16 G0 crosses produced ≥1 RFP+ G1 flies. In one month following 474 embryo injection, we obtained balanced RFP+ lines for seven out of 11 genes targeted 475 (64%) ( Figure 3C , Supplemental Table 3 ). 476
Next, we used PCR and sequencing to confirm the insertion sites in our RFP+ 477 lines. For each target site, we used two primer pairs to detect the presence of an on-478 target insertion as well as its orientation (Supplemental Figure 2) . Gel images of PCR 479
amplified DNA showed that all 20 of our RFP+ lines contained an insertion in the correct 480 target site (Supplemental Table 4 , Supplemental Figure 2 ), where 13 insertions were in 481 the sense orientation and seven were antisense ( Figure 3D ). Sequence analysis of PCR 482 fragments confirmed that the insertions were present at the target site (Supplemental 483  Table 4 , Supplemental Figure 3 ). Unexpectedly, all 20 lines contained genomic 484 sequence indels at the insertion site (Supplemental Figure 3) , unlike the frequent 485 seamless insertions observed in cultured cells. Germ line indels were also 486 predominantly longer than indels in cultured cells. In particular, a remarkably long 487 1896bp genomic deletion was found at the hh insertion site. Regardless, these results 488 demonstrate that all 20 independently derived RFP+ lines contained pCRISPaint-T2A-489
Gal4-3xP3-RFP at the target site. 490
Next, we analyzed insertion lines for loss of function phenotypes. Flies with 491 insertions in wg, Mhc, hh, and esg were homozygous lethal (Supplemental Table 4 ), 492 which is consistent with characterized mutations in these genes (FlyBase). Similarly, 493 complementation tests revealed that insertions in wg, Mhc, hh, and esg were lethal in 494 trans with loss of function alleles or genomic deletions spanning the target gene 495 (Supplemental Table 4 ). In addition, homozygous insertions in hh and wg cause a "lawn 496 of denticles" phenotype in embryos (BEJSOVEC AND MARTINEZ ARIAS 1991) ( Figure 3F An important consideration when using genome editing is off-target effects. For 509 example, in addition to on-target insertions, our RFP+ fly lines could contain off-target 510 insertions or other mutations that disrupt non-target genes. We noticed that RFP 511 fluorescence always co-segregated with the target chromosome when balancing 512 insertions (not shown), suggesting that multiple insertions may be uncommon. and we found that seven of our RFP+ insertions were head-to-tail concatemers as 520 determined by PCR (Supplemental Figure 4) . We could rescue the lethality of our esg 521 insertion using a duplication chromosome (stock # BL6230), suggesting there were no 522 other second site lethal mutations on this chromosome. Finally, one of five ebony 523 insertions (ebony pFP545 #2) was homozygous lethal, suggesting it contains a second 524 site lethal mutation.
525
We did not obtain insertions when targeting ap, alphaTub84B, btl, or Desat1. 526
Therefore, we investigated whether the sgRNAs targeting these genes were functional. 527 4 sgRNAs used for germ line knock-ins have an acceptable efficiency score of >5, with 528 the exception being the sgRNA targeting btl (Supplemental Table 5 ). A T7 529 endonuclease assay from transfected cells revealed that sgRNAs targeting ap, 530 alphaTub84B, btl can cut at the target site, whereas the results with desat1 were 531 inconclusive (Supplemental Figure 5A) . As an alternative functional test, we used PCR 532 to detect knock-in events in S2R+ cells transfected with the pCRISPaint-T2A-Gal4-533 3xP3-RFP donor plasmid. This showed that sgRNAs targeting ap, alphaTub84B, btl and 534 desat1 can lead to successful knock-in of pCRISPaint-T2A-Gal4-3xP3-RFP and 535
suggests that the sgRNAs are functional (Supplemental Figure 5B) . Finally, we 536 sequenced the sgRNA target sites in the nos-Cas9 fly strains and found a SNP in the btl 537 sgRNA binding site (not shown), whereas all 10 remaining sgRNAs had no SNPs in the 538 target site. In summary, we conclude that the sgRNAs targeting ap, alphaTub84B, btl, 539
and Desat1 are able to induce cleavage at their target site in S2R+ cells, but that the 540 sgRNA targeting btl may not function in the germ line using our nos-Cas9 strains. 541
Collectively, our results demonstrate that the pCRISPaint-T2A-Gal4-3xP3-RFP 542 universal donor plasmid inserts into target loci in the fly germ line and can be used to 543 generate loss of function fly lines. Therefore, we generated two simplified universal 544 donor plasmids that were more tailored to this purpose, pCRISPaint-3xP3-RFP and 545 pCRISPaint-3xP3-GFP ( Figure 3H ). These donor plasmids contain green or red 546 fluorescent markers and a useful multiple cloning site for adding additional insert 547 sequence. 548 549
Knock-ins that express Gal4 under the control of the target gene 550 551
We next determined if any of our 20 RFP+ lines expressed Gal4 from the target 552 gene. Since the T2A-Gal4 reporter gene in pCRISPaint-T2A-Gal4-3xP3-RFP is 553 promoterless, we reasoned that only insertions in the sense orientation and in-frame 554 with the target gene should express Gal4. Nonetheless, we took an unbiased approach 555 by crossing all 20 RFP+ lines to UAS-GFP and screening progeny for GFP fluorescence 556 throughout development. From this effort, we identified 6 Gal4-expressing lines ( Figure  557 4A, Supplemental Tables 3,4) . wg-T2A-Gal4 (#1 and 4), Mhc-T2A-Gal4 (#1 and 2), and 558
Myo1a-T2A-Gal4 #1 insertions are expressed in the imaginal disc, larval muscle, and 559 larval gut ( Figure 4B Figure 4C ). ebony-T2A-Gal4 pFP545 562 #2 is expressed in the larval brain and throughout the pupal body, consistent with a 563 previous study (HOVEMANN et al. 1998) . Interestingly, it is also expressed in the larval 564 trachea, with particularly strong expression in the anterior and posterior spiracles 565 ( Figure 4D ). Indeed, classical ebony mutations are known to cause dark pigment in 566 larval spiracles (BREHME 1941). 567
Next, we compared the Gal4 expression screening results with our sequence 568 analysis of the insertion sites. As expected, all lines that expressed Gal4 had insertions 569 that were in the sense orientation (Supplemental Table 4 , Supplemental Figure 2 ). For 570 example, ebony-T2A-Gal4 pFP545 #2 contains a 15bp genomic deletion that is 571 predicted to keep T2A-Gal4 in-frame with ebony coding sequence. Similarly, wg-T2A-572
Gal4 #1 contains an in-frame 45bp deletion and 21bp insertion. Remarkably, wg-T2A-573
Gal4 #4 contains a frameshift indel (Supplemental Figure 3 ), yet still expresses Gal4 in 574 the Wg pattern, albeit at significantly lower levels than wg-T2A-Gal4 #1 ( Figure 4C) . In 575 addition, Mhc-T2A-Gal4 lines #1, #2, and Myo1a-T2A-Gal4 #1, each have indels that 576 put T2A-Gal4 out of frame with the target gene coding sequence. These findings 577 confirm that our Gal4-expressing lines have T2A-Gal4 inserted in the sense orientation, 578
but that in-frame insertion with the target gene coding sequence is not necessarily a 579 requirement for Gal4 expression.
580
Artifacts due to homology-independent insertion, such as indels at the insertion 581 site, could conceivably interfere with Gal4 expression. For example, ebony expression 582
has not been well studied, so we did not know if ebony-T2A-Gal4 pFP545 #2 ("ebony-583
Gal4 CRISPaint") was an accurate reporter. To address this issue, we generated a 584 precise in-frame HDR insertion in ebony ("ebony-Gal4 HDR") using the same insert 585 sequence (T2A-Gal4-3xP3-RFP) and target gene sgRNA (pFP545). ebony-Gal4 HDR 586 knock-in fly lines were validated by PCR (Supplemental Figure 6 ) and ebony-Gal4 HDR 587 homozygous flies were viable and had dark cuticle pigment (not shown), suggesting on-588 target knock-in. By crossing CRISPaint and HDR knock-in alleles with UAS-GFP, we 589 found that their expression patterns were similar at larval, pupal, and adult stages 590 ( Figure 4D ,E). However, ebony-Gal4 CRISPaint had higher levels of RFP fluorescence 591 and expressed Gal4 in the larval anal pad and gut, which is coincident with expression 592 of 3xP3-RFP. Since this insertion is a concatemer (Supplemental Figure 4 , 593
Supplemental Table 4 ), we speculated that multiple copies of 3xP3-RFP lead to 594 increased RFP fluorescence and ectopic expression of Gal4. Unfortunately, we could 595 not test this because our efforts to remove 3xP3-RFP using Cre/loxP excision were 596 unsuccessful; progeny expressing Cre and ebony-Gal4 CRISPaint were apparently 597 lethal, whereas we easily generated RFP-free derivatives of ebony-Gal4 HDR using the 598 same crossing scheme. In contrast, Mhc-T2A-Gal4 lines #1, #2, and Myo1a-T2A-Gal4 599 #1 do not express in the anal pad, and gut and anal pad expression in wg-T2A-Gal4 #1 600 likely corresponds to normal wg expression in these tissues (TAKASHIMA AND MURAKAMI 601 2001) ( Figure 4B ). In conclusion, these results suggest that Gal4-expressing CRISPaint 602 insertions can capture the endogenous expression pattern of the target gene, albeit with 603 caveats that we demonstrated (also see discussion).
604
To facilitate the insertion of other sequences into the germ line to generate 605 expression reporters, we generated 10 additional universal donor plasmids ( Figure 4F ).
606
These include T2A-containing donors with sequence encoding the alternative binary 607 reporters LexGAD, QF2, and split-Gal4, as well as Cas9 nuclease, FLP recombinase, 608
Gal80 repression protein, NanoLuc luminescence reporter, and super-folder GFP. In 609 addition, we generated pCRISPaint-sfGFP-3xP3-RFP, which can be used to insert into 610 human homologues and targeted them for knock-in using sgRNAs that cut 5' coding 630 sequence and the pCRISPaint-T2A-Gal4-3xP3-RFP donor plasmid. Using the same 631 injection and crossing scheme described above, we isolated 12 insertions in 5 genes as 632 balanced stocks in 1 month (Supplemental Table 6 ). Diagnostic PCR analysis confirmed 633 that all the insertions integrated in the correct target site (Supplemental Figure 7) . These 634 knock-in alleles will be described elsewhere. simpler and faster to obtain (see Table 1 ), making it easier to target multiple genes in 647 parallel.
648
To perform homology-independent insertion in Drosophila, we adapted the 649 mammalian CRISPaint system (SCHMID-BURGK et al. 2016) because of its user-friendly 650 design. CRISPaint donor plasmids are "universal" because they lack homology arms, 651 and publicly available collections enable researchers to "mix and match" insert 652 sequences and target genes. Indeed, we showed that pCRISPaint-mNeonGreen-T2A-653
PuroR, originally used in human cells, functions in Drosophila S2R+ cells (Figure 1 ). To 654 linearize donor plasmids in Drosophila in three coding frames, we generated plasmids 655 expressing the three CRISPaint frame-selector sgRNAs under the Drosophila U6 656
promoter. Similarly, we also generated a plasmid to express all three sgRNAs 657 simultaneously for maximum cutting efficiency. Therefore, to perform a knock-in 658 experiment, only an sgRNA that targets a gene of interest is needed, which are simple 659 to produce by molecular cloning or ordering. In fact, all target gene sgRNAs plasmids 660 used in this study were obtained from the TRiP facility and an ever-growing number of 661 additional sgRNAs are being generated. 662
Unlike HDR, which can seamlessly insert any DNA into a target genomic 663 location, homology-independent insertion is restricted to specific targeting scenarios. Third, genetic crosses are simplified by tracking insertion alleles with a fluorescent 681 marker, which could be especially useful in non-melanogaster species that do not have 682 balancer chromosomes. Indeed, the combined use of 3xP3-RFP and 3xP3-GFP 683 universal donor plasmids ( Figure 3H ) could facilitate generating double mutant lines.
684
While we did not find evidence for off-target insertions, knock-in lines should be vetted 685 using traditional techniques, including molecular verification of the insertion site, 686 comparing independent insertions, outcrossing to wild type, and performing 687 complementation tests.
688
Using homology-independent insertion for gene tagging requires screening for 689
properly expressed inserts, due to the unpredictable and error-prone nature of NHEJ.
690
For example, donor plasmids can integrate in two orientations and indels at the insertion 691 site can shift the coding frame. In cultured S2R+ cells, we used antibiotic resistance to 692 efficiently select for mNeonGreen protein fusions ( Figure 1D) . However, such an assay 693 is not feasible in flies, and so we screened germ line T2A-Gal4 insertions for expression 694 by crossing with UAS-GFP ( Figure 3B, Figure 4 ). This yielded Gal4-expressing lines for 695 ebony, wg, Mhc, and myo1a. In contrast, we obtained no insertions for alpthaTub84B, 696 btl, Desat, ap, and one non-Gal4 expressing insertion each for FK506-bp2, esg, and hh. 697
This highlights the importance of obtaining multiple independently derived germ line 698 insertions to screen for insert expression. Additional steps could be taken to obtain 699 more insertions per gene, such as increasing the number of injected embryos or 700 reattempting with a different sgRNA. Since our knock-in efficiency is roughly similar to 701 HDR (5-21% ( Figure 3C insertions. In addition, 4/6 of Gal4-expressing insertions were out of frame relative to the 713 target gene (Supplemental Figure 3) Indeed, insertion ebony-T2A-Gal4 pFP545 #2 was a head-to-tail concatemer 733 (Supplemental Figure 4) and had ectopic Gal4 expression from the 3xP3 enhancer 734 ( Figure 4D ,E). Finally, as noted above, the insertion frame may be important for 735 expression, since wg-T2A-Gal4 #4 line is expressed weakly and in a non-faithful patchy 736 pattern in the wing disc. While these are important considerations, we note that 9/9 of 737 our mNeonGreen tagged S2R+ lines were localized properly, and 5/6 Gal4 expressing 738 lines appear to be faithful reporters of their target genes, with the above exceptions 739 noted.
740
Some of our S2R+ mNeonGreen protein fusion lines exhibited unusual or 741 unexpected protein localization. In clones D6 and D9, Lamin-mNeonGreen localized to 742 the nuclear envelope, but in D9 this localization was enriched asymmetrically in the 743 direction of the previous plane of cell division. Since both clones had seamless 744 mNeonGreen insertions, we believe the localization difference is caused by the lack of a 745 non-knock-in locus in D9, whereas D6 contained an in-frame 3bp deletion at the non-746 knock-in locus, likely retaining wild-type function. We saw a similar pattern for clones A3 747 and A5, both of which had seamless insertions in Actin5c, but clone A5 exhibited 748 distinct rod structures. alphaTub84B-mNeonGreen fluorescence and protein levels were 749 low in all cell lines, despite alphaTub84B being highly expressed in S2R+ indels observed in germ line may limit its use to proteins that have C-terminal tails that 768 can be deleted without altering protein function. Regardless, we generated a donor 769 plasmid for in vivo sfGFP C-terminal fusions ( Figure 4F ). Finally, we note that most of 770 our germ line donor plasmids contain enzyme restriction sites that can be used to insert 771 genomic homology arms by molecular cloning, making them "dual use" reagents for 772
HDR and homology-independent insertion. Indeed, we used this approach to generate 773 the ebony-Gal4 HDR allele (see Materials and Methods).
774
In summary, we demonstrated that homology-independent insertion can be used 775
as an alternative to HDR in Drosophila, enabling researchers to rapidly obtain knock-ins 776 without donor design and construction. The most practical application of this approach 777
is to perform C-terminal protein tagging in cultured cells and gene knockout by insertion 778 in vivo. While we obtained in vivo T2A-Gal4 gene-tagged insertions, it is low efficiency 779 and thus less appealing compared to HDR. However, the techniques required for 780 screening insertions for T2A-Gal4 are less specialized than those for constructing donor 781 plasmids, making this trade off potentially attractive for those with less molecular biology 782 expertise or who previously failed using HDR. Finally, our in vivo donor plasmids are 783 immediately useable in other arthropod species because of the 3xP3-fluorescent marker 784
(BERGHAMMER et al. 1999), a testament to the modularity of this knock-in system and the 785 benefits of a community of researchers creating and sharing universal donor plasmids. 786 787 A3  1  correct  A5  2  unusual  A19  3  diffuse  B1  3  diffuse  B11  1  correct  B14  1  correct  C2  1  correct  C6  1  correct  C13  1  correct  D1  3  diffuse  D6  1  correct  D9  2 
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